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Deformation of Central Taiwan between 1997 and 2002 was investigated using radar interferometry to con-
struct the deformation rate time series before, during, and after the Chi-Chi earthquake. The deformation rate
time series was compared to the time series of groundwater level in the monitoring wells of Yuanlin and Tzushan
in order to investigate the relation between the geodetic observations and the groundwater levels. The deforma-
tion pattern of Central Taiwan generally forms a half-elliptical pattern, with the eastern half of the elliptical shape
cut away by the north-south trending Chelungpu fault. Along a selected proﬁle of 10 km near the Chelungpu
Fault of Central Taiwan, the differential range change was measured and recalculated into deformation rates.
The year-to-year deformation rates near the Chi-Chi earthquake ranged between 1.5 and 3 cm/year in most years
except for the years between 1999 and 2000, which showed more than 5 cm/year deformation rates along the
proﬁle. Prior to the high deformation rate shown during the coseismic image pair, the deformation rate was low,
as shown on the other image pairs. This variation in deformation rate coincides with the recorded trend in the
level of groundwater in two monitoring wells in the Yuanlin area. The low deformation rate prior to the Chi-Chi
earthquake may—partially—be explained by this lowering in groundwater level.
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1. Introduction
The Mw 7.6, September 21, 1999 Chi-Chi earthquake in
Taiwan was one of the largest earthquakes recorded there
in recent history. It ruptured through the Chelungpu fault
running north-south along the western part of the major
mountain belt in Taiwan and produced surface rupture ap-
proximately 100 km in length along the fault, with horizon-
tal displacement of up to 10.1 m (Tsai et al., 2001; Yu et
al., 2001). The extent of the damage, the amount of defor-
mation, and the coseismic deformation patterns have been
reported by many international research groups. However,
most of these studies focused on the co-seismic deformation
and fault parameterization (Angelier et al., 2003a, b; Chang
et al., 2000; Chang et al., 2004; Hsieh et al., 2001; Jang
et al., 2002; Kao et al., 2002; Lee et al., 2001; Lin et al.,
2001; Ma et al., 2003; Mouthereau et al., 2001; Shin, 2000;
Tanaka et al., 2002), and very little attention was paid to
the deformation pattern and the changes in the deformation
pattern before, during, and after the earthquake. Monitor-
ing the surface deformation in the time period in the region
of high seismicity improves our understanding of the rela-
tion between the seismicity and surface deformation. This
lack of information in monitoring the surface deformation
in the area of the Chi-Chi earthquake is partly attributable
to the lack of proper geodetic equipment and techniques at
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the time. Although GPS data are currently available in Tai-
wan (Yu et al., 2001, 2003), most of the modern geode-
tic equipment was installed in Central Taiwan subsequent
to the 1999 Chi-Chi earthquake. In addition, existing GPS
data is not comprehensive enough to cover the vast area af-
fected by the ruptured fault. Consequently, the geodetically
measured deformation history leading to this earthquake is
still largely unknown. Information assembled by means of
other geodetic surveys, such as spirit leveling, was also not
available at the time and would be subject to similar limi-
tations at those of the GPS. As a result, we have employed
radar interferometry to investigate surface deformation be-
fore, during, and after the Chi-Chi earthquake.
In addition to measuring deformation using satellite
geodesy, we also used two records of groundwater level
in nearby monitoring wells to investigate the relationship
between surface deformation and the hydrogeological re-
sponse of the groundwater level. The results of earlier
investigations have indicated that earthquakes affect the
groundwater level both locally and in areas hundreds of
kilometers distant. However, most of the research has fo-
cused on the coseismic responses of the groundwater level
(Chia et al., 2001; Hsu and Tung, 2005; Huang et al., 2004;
Matsumoto et al., 2003; Montgomery and Manga, 2003;
Wang et al., 2004a; Wang et al., 2005) or the chemical
and isotopic composition of the groundwater (Quattrocchi
et al., 2000; Song et al., 2003; Wang et al., 2005). Since the
records of groundwater level reﬂect the poroelastic property
of the aquifer, the former can be used as a low-resolution
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Fig. 1. Active faults in Central Taiwan overlain on top of shade relief map. Study areas are located at the western end of the fast-growing mountain
ranges caused by the collision between the Eurasian plate and the Philippine Sea plate. The location and focal mechanism of the Chi-Chi earthquake
is also shown on this map. Inset shows the tectonic conﬁguration near Taiwan. EU: Eurasian plate; PH: Philippine Sea plate.
strainmeter (Roeloffs et al., 2003). The relation between
the surface deformation and groundwater level is then an
interesting topic since it is possible to cross-investigate the
deformation both on the surface and in the ground.
2. Geological Background
The island of Taiwan is located between the southeast-
ern Eurasian plate and western corner of the Philippine
Sea plate (Fig. 1). To the east and northeast of Taiwan,
the Philippine Sea plate is subducting beneath the Eurasian
plate, creating the Rykyu subduction system and the Ok-
inawa trough; to the south of Taiwan the South China Sea
oceanic crust (part of the Eurasian plate) is subducting to the
east beneath the Philippine Sea plate, creating the Manila
subducting system and Luzon Volcanic arc. As such, the
island of Taiwan marked a location of change of subduction
polarity and formed a collisional mountain belt. The Philip-
pine Sea plate is currently moving in the direction of 307◦
azimuth at approximately 7–8 cm/year (Seno et al., 1993;
Yu et al., 1997) and carries the north-south trending Lu-
zon arc along to form a collisional mountain belt. Since the
stable Eurasian continental margin is approximately trend-
ing northeast-southwest, the convergence of the Luzon arc
and stable Eurasian margin formed an oblique arc-continent
collision (Suppe, 1984). The effect of the oblique collision
is clearly indicated by the geomorphological and tectonic
features of onland Taiwan. Overall, the high relief on the
island of Taiwan indicates the rapid mountain building pro-
cess brought about by the high convergent rate between the
Philippine Sea plate and the Eurasian plate; however, in the
northern part of the island post-orogenic extension has been
reported (Teng, 1996), while in the southern part of Tai-
wan and offshore southern Taiwan, incipient collision has
just taken place (Lundberg et al., 1997). The deformation
caused by the collision is mostly absorbed in the eastern part
of the island (Yu et al., 1997) where the collided Philippine
Sea plate and northern extension of Luzon arc pushed the
buoyant material of the subducting Eurasian plate to form
the island of Taiwan (Dahlen et al., 1984; Suppe, 1984).
Consequently, the zone of deformation is brought westward
by the continuing westward motion of the Philippine Sea
plate and the island of Taiwan. The complex tectonic set-
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Fig. 2. Normal baseline and temporal extent of each image pair used in this study. The vertical axis is the normal baseline and the horizontal axis is the
temporal baseline. Dashed line indicates the date of the Chi-Chi earthquake.
ting and constant westward movement of the material are
important factors for the high seismicity in and around the
island of Taiwan, and an understanding of this tectonic set-
ting will ultimately contribute to our better understanding
of the underlying principles of deformation that resulted in
the island of Taiwan.
3. Methods
3.1 DInSAR analyses
By precisely determining the positions of the satellite
when the radar images were taken and by recording the dif-
ferences in the phase signals, the technique of space-borne
differential interferometry is capable of revealing subtle
large-area changes with a high precision (Burgmann et al.,
2000; Massonnet and Feigl, 1998). For the DInSAR [differ-
ential synthetic aperative radar (SAR) interferometry] anal-
yses in this study, European remote sensing (ERS) radar
images were used to explore the deformation in the Cen-
tral Taiwan area. ERS satellites launched by the European
Space Agency in 1993 and 1995, respectively, have been
used to explore the use of SAR as a tool to repeatedly ob-
serve the surface of the Earth. Radar interferometry by
means of SAR has become an important geodetic tool for
monitoring the surface deformation since the launching of
these satellites. In this study we used six images from track
232, frame 3123 to obtain ﬁve image pairs that span the pe-
riod from 1995 to 2002.
The duration of each image pair was purposefully cho-
sen to approximate 1 year in order to minimize possible
variations in atmospheric conditions and disparity caused
by differences in the time scale of each image pair. The in-
formation provided by the radar images chosen is given in
Fig. 2 and, on the respective interferogram, in Fig. 3. We
adopted the two-pass method using DIAPASON software
developed by CNES (Centre National d’Etudes spatiales)
to produce the interferograms used in this study. The dig-
ital elevation model (DEM) used during the process has a
grid resolution of 40 m.
3.2 Time series of groundwater level
It has been reported that the crustal deformation mea-
sured by geodetic means correlate with the variations in the
groundwater level and that the change on groundwater level
can be explained as the poroelastic response of earthquake-
induced volumetric strain (Akita and Matsumoto, 2004;
Bawden et al., 2001; King et al., 1999; Roeloffs et al.,
2003). Therefore, by examining the records of groundwa-
ter level, it is possible to deduce the approximate change in
the strain in the crust at the precise location of the aquifers.
The Water Resource Agency of Taiwan has been working
on establishing the Groundwater Monitoring Network Sys-
tem in the major alluvial fans around the island since 1992
in order to manage the water resource and mitigate the prob-
lem of land subsidence caused by the groundwater with-
drawal. Previous investigations have focused on the coseis-
mic change in the level and chemical contents of ground-
water in the spatial domain of Central Taiwan (Chia et al.,
2001; Lee et al., 2002; Lin et al., 2004; Song et al., 2003;
Wang et al., 2001, 2004a, b, 2005). However, the history
of the groundwater level within the framework of moni-
toring individual wells has not been reported in the liter-
ature, particularly with respect to the time preceding the
Chi-Chi earthquake. We compared the groundwater level
of two monitoring wells (Tzushan well, which is located
on the hanging wall of the Chelungpu fault that caused the
Chi-Chi earthquake, and Yuanlin well, which is located ap-
proximately 30 km to the west of the fault; see Fig. 1 for
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Fig. 3. Five interferograms of the Taichung Basin were generated for this study. The coverage of time by these interferograms is from 1996 to 2002.
the locations of both wells) to determine whether there was
a trend with the same polarity of rise and fall and to com-
pare this trend, if present, to the precipitation data for the
Taichung Basin of Central Taiwan.
4. Analytical Results
Five interferograms for Central Taiwan (Fig. 3) were gen-
erated; Figure 2 shows their normal baseline and temporal
baseline. The eastern half of the coverage area is the moun-
tainous region of Taiwan and is mostly unpopulated, with
extensive dense vegetation. Consequently, the coherence
between two radar images is poor, with little meaningful
signal for this part of the coverage area through all ﬁve in-
terferograms. In the central part of the coverage area is the
Taichung Basin, which is the most populated area in Cen-
tral Taiwan. Most of the Taichung Basin lies between 60
and 90 m a.s.l. This low relief encourages the urbanization
of the area and, consequently, presents a favorable situation
for the coherence of radar signals. Therefore, in Taichung
Basin, the interferometric signals are coherent and clear in
all of the image pairs. The interferograms generated from
the ﬁve image pairs were overlain on top of the shaded re-
lief topographic map of the Central Taiwan region; the com-
bined maps were then overlain by the active faults (Lin et
al., 2000).
The amount of deformation along proﬁle A-A′ in Fig. 3
can be summarized as follows: within the Taichung Basin,
which is bound by the Chelungpu fault to the east and the
Paguashan and the Changhua faults to the west (Fig. 1), the
maximum amount of deformation takes place in image pair
4 (Fig. 3; referred to as IM-4) at about 20 cm in the foot-
wall area during the time coverage of this image pair. This
amount of deformation was expected because IM-4 repre-
sents the coseismic deformation of the Chi-Chi earthquake.
Conversely, both IM-1 and IM-2 have about one interfero-
metric fringe within the Taichung Basin in the footwall area
during their coverage time, respectively. During the time of
IM-3, the amount of deformation was low—less than one
full cycle of interferometric fringe is in the footwall area
of IM-3. A similar pattern is seen in IM-5, which spans the
period from immediately after the earthquake to early 2002.
In order to compare the relative amount of deformation
and deformation rate, we extracted deformation informa-
tion from the ﬁve interferograms along the proﬁle A-A′; the
raw phase information was then unwrapped and converted
to slant range change along this proﬁle (Fig. 4). The locality
of the proﬁle was chosen to obtain deformation information
without obvious noise on all ﬁve interferograms along the
proﬁle. Noise due to low coherence often introduces error
upon unwrapping of the phase signals obtained from the in-
terferograms. We then calculated the average deformation
rate along the proﬁle for each image pair. The deforma-
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Fig. 4. Unwrapped proﬁles extracted from proﬁle A-A′ shown in Fig. 3. The vertical axis is the range direction in centimeters per year relative to the
ﬁrst point in the proﬁle; the horizontal axis is pixel.
tion rates along proﬁle A-A′ within the Taichung Basin in
the footwall area of the Chelungpu fault are shown in Fig. 5.
The deformation in the footwall area of Taichung Basin was
about 3 cm/year along the proﬁle before the Chi-Chi earth-
quake, dropping to approximately 1 cm/year immediately
before this earthquake. In IM-4, which spans the Chi-Chi
earthquake, the deformation rate can be seen to have been
more than 5 cm/year, dipping down to 1 cm/year after the
Chi-Chi earthquake.
4.1 Groundwater
Daily groundwater levels from January 1 1995 to De-
cember 31, 2002, as recorded and archived by the Water
Resource Agency of Ministry of Economic Affairs, were
compared with the result from DInSAR. The coseismic and
postseismic responses shown by the groundwater level, as
previously studied (Chia et al., 2001; Wang et al., 2001,
2004a), are omnipresent in most of the monitoring wells
in the Choshuei alluvial fan, and the responses are differ-
ent depending on the respective locations of the monitoring
wells. These earlier investigations, however, did not report
on the groundwater levels prior to the Chi-Chi earthquake.
In order to demonstrate the puzzling results of these ear-
lier investigations, the groundwater levels from the Yuanlin
and Tzushan monitoring wells were plotted; the results are
shown in Fig. 6(a) and (b). The two records are from the
fourth aquifer in the Yuanlin area. The precipitation data
for Central Taiwan are shown in Fig. 6(c), (d), and (f) and
represent precipitation data for Taichung city, Chi-Chi, and
His-Lou, respectively (See Fig. 1 for locations).
The groundwater levels of the two monitoring wells from
1995 to 2002 show ﬂuctuations that can be attributed to the
variations in seasonal water supply, variations in annual dif-
ferences in water precipitation, and variations in the amount
of water withdrawn. In general, the deformation detected by
DInSAR in Central Taiwan conforms to the overall trend
shown by the groundwater level in the Yuanlin area, with
a relatively high groundwater table conforming with IM-4,
a fair groundwater level conforming with IM-1 and IM-2,
while during the time of IM-3 and IM-5, the groundwater
level was relatively low.
5. Discussion
5.1 Sources of error in the DInSAR results
There are several factors that can contribute to the phase
signal in interferograms, such as phase contribution from
topography, orbit, deformation, atmosphere, residual in the
DEM, and various noises. During the process of differen-
tial interferometry, we used a 40-m post size of the DEM of
Taiwan, and precise orbit information for the ERS2 satel-
lite was obtained from the Delft Institute for Earth-Oriented
Space Research (Delft, The Netherlands). The use of high-
resolution DEM and precise orbit information eliminate the
phase contributions of topography and orbit uncertainty.
The proﬁle chosen was relatively short in length; therefore,
the atmospheric contribution should not have been signiﬁ-
cant. When the phase signal contributed from the residual
of DEM is assessed, it is important to consider the altitude
of ambiguity (Massonnet and Feigl, 1998), which represents
the difference in height of topography, in order that only one
interferometric fringe be generated. In an investigation of
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Fig. 5. Comparison of the deformation rate to groundwater level in Central Taiwan. The groundwater level data shown here is for the Yuanlin monitoring
well.
crustal deformation, it is best to obtain an image pair with
a large altitude of ambiguity so that the topographic infor-
mation will not obscure the deformation information. Our
ﬁve image pairs have an altitude of ambiguity as large as
300 m to as small as (±) 50 m, and since the extracted pro-
ﬁle is located in the Taichung Basin, which does not show
any great variation in topography (Taichung Basin lies be-
tween 60 and 90 m a.s.l.) and the proﬁle is relatively short
(approximately 15 km), the effect of the DEM residual is
small in our data. In the worse case scenario, which would
be when topographic information is not eliminated properly
during the interferometric processing, the whole Taichung
Basin will generate about half a fringe, and since our proﬁle
does not span the full Taichung Basin, most of the informa-
tion extracted from our data is deformation signal.
5.2 Water level and the fallen water level
The groundwater level of both the Yuanlin and Tzushan
monitoring wells exhibited many ﬂuctuations. By visu-
ally inspecting the ﬂuctuations, it was possible to sepa-
rate the ﬁrst-order signal (from Chi-Chi earthquakes) from
other signals. The sharp rise in groundwater level in Yuan-
lin and its sharp fall in Tzushan mark the incidence of the
Chi-Chi earthquake itself, with the change in groundwater
level recorded exceeding 4 m at both sites. Other recorded
ﬂuctuations are less notable in comparison to the coseis-
mic change. However, prior to the onset of the earthquake-
induced groundwater level changes, there was a period of
time that the groundwater levels in both the Yuanlin and
Tzushan monitoring wells were relatively low compared to
other times reported in the records. This is particularly ob-
servable in the Yuanlin well, where the well exhibited the
lowest groundwater level of the whole recorded period dur-
ing that time, whereas during that same period the ground-
water level in the Tzushan well was relatively low and ex-
hibited frequent large ﬂuctuations. The groundwater level
started to drop approximately 200 days prior to the Chi-Chi
earthquake and steadily decreased—with some ﬂuctuations;
about 50 days prior to the earthquake the trend reversed, and
the groundwater level slowly increased. The Tzushan well
is located on the tip of the Choshuei alluvial fan in Cen-
tral Taiwan and is an unconﬁned aquifer; consequently, it
is more likely to be affected by rainfall and the groundwa-
ter level is roughly in phase with the rainfall record. This
would suggest that the increase in groundwater level is a
reﬂection of the rainfall in the area. On the other hand,
there is no straightforward explanation for the behavior of
the groundwater level in the Yuanlin area. The Yuanlin well
is in the Choshuei alluvial fan and is the fourth aquifer from
the surface; therefore, rainfall should have only a minimal
inﬂuence on the groundwater level of this well, suggesting
that the large-scale drop in groundwater in the Yuanlin well
may be caused by other means that extracted water from
the aquifer. Wang et al. (2005) indicated that the ground-
water of the Choshuei Alluvial fan in Central Taiwan has
various isotope components that can be related to the other
parts of the strata. Speciﬁcally, between January and March
of 1999 to after the Chi-Chi earthquake the isotope compo-
sition of the groundwater in the lower aquifer has shifted
toward that of the surface water. This indicates the possi-
bility of conduits for groundwater and that substances have
moved within the strata during this time. Therefore, a likely
scenario is that prior to the onset of the earthquake, the
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Fig. 6. The top two panels show groundwater levels of the Yuanlin and Tzushan monitoring wells, respectively. The lower three panels show the
precipitation records of the same period in Central Taiwan (Taichung city, Chi-Chi, and His-Lou; see Fig. 1). Shaded gray areas indicate the time of
relatively low groundwater levels before the Chi-Chi earthquake (indicated by black arrows in the Yuanlin and Tzushan groundwater records). The
groundwater levels in either well does not necessarily ﬂuctuate with the precipitation.
aquifer in the Central Taiwan region led to an extraction
of groundwater in both aquifers in the footwall.
5.3 Lowered deformation rate
In Central Taiwan, the deformation rate observed by DIn-
SAR is relatively low prior to the event of the Chi-Chi earth-
quake, which subsequently caused an increase in the re-
spective deformation rate and a sharp increase in ground-
water level, as illustrated by IM-3 of the deformation time
series in Fig. 5. Lee et al. (2002) indicated that the volu-
metric strain change in Taiwan correlates with the change
of groundwater level in Central Taiwan; however, many re-
searchers regard the changes in groundwater level as be-
ing related to the release of water by the consolidation of
the sediment caused by earthquake (Wang et al., 2003). In
the former case, the change in groundwater level represents,
ﬁrstly, a strainmeter in the ground and, as such, is related to
the surface deformation observed from geodetic measure-
ments. On the other hand, if the change in the groundwa-
ter level is mainly caused by the consolidation of the sed-
iment, then the surface deformation observed by geodetic
measurement would imply an increase or decrease in the
volume of the groundwater. Previous research (Yu et al.,
2001) and our own coseismic interferogram indicate that
coseismic deformation in the footwall of Chelungpu fault
of Central Taiwan is on the order of tens of centimeters
and as large as 1.1 m in horizontal motion. This suggests
that earthquakes and tectonics are the main factors produc-
ing the surface displacement in the coseismic period. As
such, our suggestion is: prior to the earthquake—working
on the assumption that the tectonic motion in Central Tai-
wan area stays constant—the decrease in groundwater level
would be responsible for the surface subsidence. The com-
bined effect of tectonic motion and the surface subsidence
would explain the low deformation rate observed prior to
the Chi-Chi earthquake in Central Taiwan.
Although reports of groundwater ﬂuctuation prior to an
earthquake are common, most of these only show ﬂuctua-
tions days before the earthquake. However, in this study,
both the DInSAR measurements and groundwater obser-
vations demonstrate that approximately 100 days prior to
the Chi-Chi earthquake there was a time of low deforma-
tion rate and decreasing groundwater level with twice the
amplitude of normal ﬂuctuation in Central Taiwan. This
would naturally lead to an implication of “earthquake pre-
cursor”. However, our work does not directly substantiate
this. Rather, it points to several areas that require further
research, such as: was the change in the groundwater level
caused by a smaller earthquake or by the continuous tec-
tonic stress exerted in this area? Did the leaked groundwa-
ter trigger the earthquake? Will this type of phenomenon
occur in other earthquake or is it simply a one-time event?
Many of these questions cannot be answered by geodetic
observation or monitoring groundwater level alone. A more
collaborative project is needed to explore any one of these
questions.
Finally, previous studies have shown that the Chi-Chi
earthquake had an impact on deformation styles in various
locations in western Taiwan (Chang et al., 2004). Both the
Hukou fault (north of the northern end of the Chelungpu
fault) and the Houjiali fault (southwestern Taiwan) show
changes in their deformation pattern during and after the
occurrence of the Chi-Chi earthquake; more speciﬁcally,
the deformation rate in Hukou area also shows a decrease
before the Chi-Chi earthquake, although the immediate co-
seismic deformation is trivial in these two areas. Since the
aquifers of Central Taiwan do not extend northward to the
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Hukou area or southward to the Tainan area, the geode-
tic responses in these two areas can not be explained by
the changes in the groundwater level in Central Taiwan. It
would imply that the tectonics might play a role in the sur-
face deformation observed.
6. Conclusions
Deformation patterns during various time periods in Cen-
tral Taiwan were constructed by the radar interferometry
technique (DInSAR). The coverage times of the deforma-
tion patterns span from 1996 to 2002. During this time, the
Chi-Chi earthquake contributed to large-scale deformation
to Central Taiwan, the effects of which can be seen in the
deformation time series.
DInSAR revealed a period of low deformation rate im-
mediately before the occurrence of the Chi-Chi earthquake
in the Central Taiwan, and a similar effect can be seen in the
groundwater level recorded in the monitoring wells in both
the Yuanlin and Tzushan areas. This low deformation rate
and low groundwater levels lasted for more than 1000 days
and ended with the occurrence of the earthquake. The lower
deformation rate may have been—partially—caused by the
leakage of groundwater to the lower aquifers or streams.
The effect of the Chi-Chi earthquake on the neotectonic
deformation can be seen not only in Central Taiwan but also
in the areas north to the Hukou area and south to the Tainan
tableland where either in deformation rate or in deformation
pattern can be observed.
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